Introduction
============

The tumor microenvironment constitutes a complex system that includes tumor cells, immune cells, fibroblasts, vascular structures, and an extracellular matrix rich in signaling molecules [@B1], [@B2]. Neoplastic lesions are not self-sufficient in their propagation and require otherwise normal supporting cells and proliferative or protective factors within this dynamic milieu. A key feature of this microenvironment is the mildly acidic condition generated by the altered metabolism also known as the "Warburg effect" of tumors and relative hypoxia [@B3]-[@B5]. The intracellular pH (pH~i~) and extracellular pH (pH~e~) in cancerous cells are distinct from normal cells. In non-neoplastic cells the pH~i~ and pH~e~ are 7.2 and 7.5, respectively; but in cancer cells, the pH~i~ is 7.5 and the pH~e~ is \~ 6.4 - 7.1 [@B4], [@B6]-[@B8]. To maintain their rapid growth and proliferation, cancer cells have a higher need for energy which is partially satisfied by greater reliance on alternate, albeit less efficient, metabolic pathways. Under aerobic conditions, cancer cells metabolize glucose to lactic acid, instead of pyruvate, which usually enters the Krebs cycle in normal cells under non-stress conditions. In combination with relatively poor perfusion, the lactic acid generated by this process lowers the pH~e~. Recent studies indicate that by maintaining a relatively low pH in their microenvironment cancer cells can escape immune detection [@B4], [@B7]. In addition, the acidic environment promotes or facilitates the action of many proteases that are involved in tissue remodeling and tumor invasion [@B9], [@B10]. Indeed, areas of low pH often observed at tumor boundaries correspond to high proteolytic activity [@B10], supporting an intimate role of extracellular acidification in several hallmarks of cancer [@B1].

Acidic tissue microenvironments and intracellular compartments have been identified as targets for imaging [@B11]-[@B15] and treatment [@B16]-[@B18]. Numerous pH responsive dyes have been developed to study various processes in cells and in animals.[@B19] Near infrared (NIR) pH sensitive dyes, which have better tissue propagation properties, have been specially developed for potential in vivo imaging [@B20]-[@B25]. Assisted by targeting ligands such as RGD [@B26], glucosamine [@B27], cathepsin binding substrates [@B28], or antibodies, these NIR dye conjugates, which are predominantly investigated by intravenous (IV) delivery, are able to bind to their targets preferentially and are efficiently internalized through the endocytosis process. The fluorescence intensity observed is reflective of the pH condition found in endosomes or/and lysosomes, but not of the extracellular acidic environment in tumor cells. Some tumors such as ovarian, cervical, and colon cancers are superficial; therefore, it is possible that a simple pH dye, without a complex targeting moiety, could be locally applied to highlight the tumor margin through a direct contact with the acidic environment. To the best of our knowledge, none of the reported pH dyes have been applied directly to the surgical area.

Due to the absence of identifying symptoms in early disease and the lack of effective screening methods, most ovarian cancers are diagnosed at an advanced stage. Once diagnosed, cytoreductive surgery is usually performed to debulk tumor. It has been confirmed that a maximal removal of the diseased tissues leads to the best overall outcome [@B29]. The incomplete removal of the primary tumor by surgery ultimately results in disease recurrence [@B30]. Large tumors, which are readily seen by surgeons, require no assistance for detection during the procedure, but smaller lesions that may be imperceptible by surgeons could be the source of poor treatment outcome. Several intravenously administered fluorescence-imaging probes have been proposed to guide the surgical procedure [@B31]-[@B33]. However, we recently found that the intraperitoneally (IP) injected probe has a better labeling efficiency than the IV delivered probes for small ovarian cancer lesions, probably due to the poorly developed vasculature [@B34]. As these small lesions are superficial, their acidic microenvironment represents an attractive target for a pH-sensitive molecular imaging agent. Delivered IP, a pH-probe could be capable of generating a fluorescence signal suitable to detect small lesions. Here we report on the development of a rationally designed fluorogenic pH-sensitive molecular probe for small lesion detection.

Materials and Methods
=====================

Synthesis and Characterization of Dye CypH-1
--------------------------------------------

All chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, MO). 4-(Dimethylamino) phenol [@B35] (57 mg, 0.42 mmol) in DMF (5 ml) was reacted with sodium hydride (17 mg) at RT for 15 min [@B36]. IR-775 (100 mg, 0.19 mmol, Dye content \~90%) was added slowly and stirred at RT overnight. The reaction was extracted with dichloromethane (DCM), and washed with brine. The product in DCM layer was purified by silica gel column using DCM/MeOH (MeOH 0-10%) as an elution solvent. The yield is 57 mg, 48%. TLC: DCM/MeOH=10/1, R~f~=0.25. ^1^H-NMR (300 MHz, CDCl~3~): 7.87 (2H, d, J=14.1 Hz), 7.71 (2H, d, J=7.8 Hz), 7.41-7.35 (2H, m), 7.31 (2H, d, J=6.3 Hz), 7.25 (2H, d, J=7.5Hz), 7.21-7.16 (2H, m), 7.09 (2H, d, J=7.8 Hz), 6.00 (2H, d, J=14.1 Hz), 3.58 (6H, s), 3.13 (6H, s), 2.75-2.65 (4H, m), 2.05-2.00 (2H,m), 1.36 (12H, s). ^13^C-NMR (125MHz, MeOD): 172.77, 163.72, 158.83, 142.55, 141.99, 140.78, 139.21, 128.72, 125.44, 122.28, 122.08, 116.23, 110.26, 100.12, 49.02, 45.67, 31.22, 27.63, 24.18, 20.92. MS: 584 (M^+^). Full spectroscopic analysis, quantum yield and logP measurements were included in the [Supporting Information](#SM1){ref-type="supplementary-material"}.

General Information of Biological Experiments
---------------------------------------------

The human SKOV3 cervical cancer cell line was obtained from the American Type Culture Collection (ATCC, Manassas,VA). The luciferase transfected GFP+ SKOV3 (SKOV3/GFP-Luc) cells were purchased from Cell Biolabs (San Diego, CA). The cell lines were maintained in McCoy\'s 5A Medium, supplemented with 10% fetal bovine serum, 1% antibiotics (penicillin-streptomycin) at 37°C under 5% CO~2~. Lyso Tracker Red, Mito Tracker Green, ER Tracker Blue and Hank\'s balanced salt solution (HBSS) were purchased from Life Technologies (Grand Island, NY).

Cellular Distribution of CypH-1
-------------------------------

SKOV3 (5 × 10^3^/well) were seeded in a 96-well plate for 20 hrs. Cells were incubated in phenol red free DMEM (Hyclone, Logan, UT) with 10% FBS and 1% antibiotics with the presence of CypH-1 (0.5 μM) for 30 mins at 37 °C. Cells were then washed using HBSS (4 X), followed by incubation with Lyso Tracker Red (0.5 μM), Mito Tracker (0.5 μM) or ER Tracker (0.5 μM) for 20-30 min. The concentration and labeling conditions of each tracker used was that suggested by the manufacturer. Cells were then washed with HBSS (4 X) and incubated with fresh complete medium (phenol-red free) for 20 min before fluorescence imaging.

Fluorescent microscopic images of live cells were acquired using an inverted fluorescence microscope (Olympus 81X; Tokyo, Japan). The fluorescence image of CypH-1 was collected through a cy7 filter set (excitation 675-745 nm, emission 765-855 nm), Lyso Tracker Red was obtained through the TRITC band pass filter set (excitation: 510-550 nm, emission: 573-648 nm), Mito Tracker Green was obtained through the FITC filter set (excitation: 450-490 nm, emission: 500-550 nm), and ER Tracker Blue was taken via the DAPI filter set (excitation: 325-375 nm, emission: 435-485 nm).

In Vivo Imaging of Abdominal Tumor with CypH-1
----------------------------------------------

All animal studies were performed in compliance with the approved animal protocols and guidelines of Institutional Animal Care and Use Committee of Houston Methodist Research Institute. BALB/c Nu/Nu female nude mice (n=16) were bought from Charles River (Wilmington, MA). SKOV3/GFP-Luc (5 x 10^6^) cells were injecting intraperitoneally (IP) into the abdomen of 5 weeks old nude mice. Tumor growth was followed by luciferase imaging. After two weeks of initial tumor inoculation, CypH-1 (20 nmol) dissolved in 2.5% DMSO (100ul) was administrated IP. Animals were sacrificed in 3 hrs and imaged under GFP and NIR channel using the IVIS 200 system (PerkinElmer, Waltham, MA). The GFP signal is used to locate tumors. The GFP signal was collected using a 445-490 nm excitation and 515-575 nm emission filter set, while CypH-1 signal was collected using 710-760 nm excitation and 810-875 nm emission filter set. Signal to background ratio was performed selecting specific ROI (Region of Interested) using IVIS software.

Major organs were collected immediately following the whole body imaging. Signal of micro tumors and normal tissues on each organ, including kidneys, livers, spleens, stomachs, intestines and tumors, were imaged ex vivo using a Maestro imaging system (CRI, Waltham, MA). The GFP signal was collected using 445-490 nm excitation and 515 nm long pass emission filter set. The CypH-1 signal was collected using 710-760 nm excitation and 800 nm long pass emission filter set. Tumor to Organ Ratio (TOR) was determined by measuring mean fluorescence intensities for each tissue and tumor.

Imaging tissue sample data were gained from total of 16 mice from 4 independent experiments and fluorescence signal (NIR or Green) were quantified using ROI measurement. Statistical analysis was performed using Student-t test method. Differences with p values of less than or equal to 0.05 were considered statistically significant.

Histology
---------

The tissue samples (either tumor or normal tissues with tumor attached on it) were frozen in OCT (Tissue-Tek®, Sakura Finetek, Torrance, CA) in -20°C for 20 min. Then the frozen tissues were cut into 10μm thickness using Thermo Scientific Microm HM550 cryostat and mounted with the medium with DAPI (Vector Laboratories Inc., CA, USA). The images were captured with a fluorescence microscope (EVOS® FL Life technologies) and analyzed by a pathologist. The fluorescence images of tissues obtained through a Cy7 filter (excitation: 710/40, emission: 775/46) for CypH-1 and a DAPI filter (excitation: 357/44, emission: 447/60) to check the nuclear counter staining.

Results
=======

To obtain the desired optimal in vivo sensitivity, we synthesized a near infrared (NIR) fluorogenic cyanine pH-sensitive (CypH-1) dye by placing an amino group near the conjugated double bonds on a Cy7 analog (Fig [1](#F1){ref-type="fig"}A). CypH-1 was prepared by reacting a commercial available IR-775 dye with 4-(dimethylamino) phenol using sodium hydride as a base in anhydrous dimethylformamide. ([Supporting Information](#SM1){ref-type="supplementary-material"}.)

CypH-1 has almost no fluorescence at neutral and basic conditions (≥ 7.0), but fluoresces brightly when the solution is acidic (≤ pH 5.0) (Fig. [1](#F1){ref-type="fig"}B). The excitation and emission maxima of CypH-1 are 760 and 777 nm, respectively ([Supporting Information](#SM1){ref-type="supplementary-material"}, Fig [S1](#SM1){ref-type="supplementary-material"}). The quantum yield (Φ) of CypH-1 at pH 7.4 and 4.0 are 0.17% and 6.9%, respectively, representing up to a 40-fold difference in fluorescence signal intensity ([Supporting Information](#SM1){ref-type="supplementary-material"}, Fig [S2](#SM1){ref-type="supplementary-material"}). Near infrared fluorescence (NIRF) image confirmed intense fluorescence signal at pH 5.0, less intense fluorescence at pH 6.0, and no detectable signal at pH 7.0 or 8.0 (Fig. [1](#F1){ref-type="fig"}C).

We then evaluated the intracellular localization properties of CypH-1 by using an immortalized human ovarian adenocarcinoma cell line, SKOV-3, for cell uptake and live cell fluorescence microscopy. CypH-1 (1 µM) in culture media was incubated with SKOV-3 cells grown on plates for 30 minutes followed by microscopy using appropriate filters. As shown in Fig. [2](#F2){ref-type="fig"} intracellular fluorescence was detected clearly with negligible background signal. The intracellular distribution of CypH-1 was compared to three organelles---lysosomes, mitochondria, and the endoplasmic reticulum (ER)---using commercially available labeling reagents, LysoTracker, MitoTracker, and ER-Tracker, respectively. Intracellular CypH-1 signal was found to overlap with the signal of LysoTracker, and MitoTracker, but not with ER-Tracker.

To evaluate the in vivo performance of CypH-1 a xenograft murine model was generated by the intraperitoneal (IP) inoculation of SKOV-3 cells that have been modified to express luciferase and green fluorescence protein (GFP). Tumor growth was followed by bioluminescence imaging (data not shown) and approximately two weeks after inoculation, CypH-1 (20 nmole in 100 uL of phosphate buffered saline (PBS) was administered intraperitoneally. The mice were sacrificed 3 hours post-IP injection of CypH-1 and the abdominal cavities were exposed. Without any washing procedures or subsequent handling, whole body GFP and NIRF images were acquired using a preclinical reflectance optical imaging system (IVIS-200). Since all tumors expressed GFP the green fluorescence signal corresponded to grossly visible tumors seen under white light (Fig. [3](#F3){ref-type="fig"}A). Fluorescence imaging using the NIR filters revealed precise signal co-localization with GFP-positive lesions (Fig. [3](#F3){ref-type="fig"}A). To further characterize additional disseminated lesions of varying size, tumors and several intraabdominal major organs (kidney, liver, spleen, stomach, and intestine) were resected and imaged with a zoomed field-of-view using a separate fluorescent imaging system (Maestro). Again, there was good agreement between NIRF and GFP signals indicating accurate detection of viable tumors (Fig. [3](#F3){ref-type="fig"}B).

Further analysis of a tiny metastatic implant in the spleen revealed an interesting distribution of CypH-1 signal that was most intense in the periphery of the lesion that measured approximately 1 mm in diameter (Fig. [4](#F4){ref-type="fig"}A). A kinetic study was also performed to monitor the time needed for the signal development. A spleen with a metastatic tumor was submerged into the CypH-1 solution (1µM), and imaged at different time intervals directly without washing (Fig [4](#F4){ref-type="fig"}B). The CypH-1 signal was developed quickly, in less than 3 min, and stabilized after 20 min.

This peripheral distribution pattern of the signal was confirmed at the microscopic level. As shown in Fig. [5](#F5){ref-type="fig"}A the NIRF signal was seen on the surface of a resected tumor (Fig. [5](#F5){ref-type="fig"}A, upper row) and at the interface between tumor and spleen (Fig. [5](#F5){ref-type="fig"}A, lower row). The distribution of the pH signal is distinct from the GFP signal, which appears uniformly distributed throughout the tumor. The sharp interface strongly suggests the physiological difference between the tumor and normal tissues. Under higher magnification (40X), the fluorescent signal was only seen on the top 5-7 layers of the tumor cells (Fig [5](#F5){ref-type="fig"}B). High signal was found in the cytoplasm of tumor cells and not on the extracellular membrane. Since CypH-1 was administered intraperitoneally, it is possible that the peripheral signal observed in the tissues simply reflects the degree of absorption or penetration of the probe.

Discussion
==========

CypH-1, a simple pH responsive fluorogenic dye without a targeting moiety, has shown great promise in detecting superficial small ovarian tumors. Its construct enabled alteration of fluorescence intensity through a photo-induced electron transfer (PeT) mechanism, which involves signal quenching by the lone pair electrons from the amine group (Fig. [1](#F1){ref-type="fig"}A). When the amine is protonated under acidic conditions, fluorescence is de-quenched resulting in a strong signal (Fig. [1](#F1){ref-type="fig"}).

Although tumor pH~i~ is neutral, some organelles, such as lysosome and mitochondria, are known to be acidic. CypH-1 precisely co-localized with LysoTracker (Fig. [2](#F2){ref-type="fig"}, top row) strongly supporting its rapid lysosomal uptake and also fully explains CypH-1\'s activation in the low pH environment of this organelle (pH \~5). Interestingly, CypH-1 was also activated in mitochondria, again strongly supported by the known acidic compartments involved in the chemiosmotic production of ATP by this organelle (Fig. [2](#F2){ref-type="fig"}, second row) [@B37]. In contrast to the observed lysosome and mitochondria localization, CypH-1 signal was not observed in the ER or the cell nucleus. Since CypH-1 emits no fluorescence in neutral biological pH cells incubated with this compound can be imaged immediately without any washing procedures.

It is important to emphasize that both gross in situ and close up ex vivo imaging show overall favorable low background NIRF signal following the intraperitoneal administration of CypH-1 in the absence of a washing procedure. The relatively low background tissue signal enables high tumor contrast even for tiny lesions that are marginally visible in white light. For example, small lesions, \< 1 mm, were detected clearly in liver (Fig. [3](#F3){ref-type="fig"}B) and spleen (Fig. [4](#F4){ref-type="fig"}A). Fluorescence signal ratio of tumor to normal muscle was 25.2:1 (Fig. [3](#F3){ref-type="fig"}C). When compared to normal organs, high signal contrast was also observed. The tumor to normal tissue ratios in kidney, liver, spleen, and stomach were 12, 4, 4, and 4, respectively. The only exception was the intestine, where the tumor signal was only slightly higher than the background (ratio = 1.3). The diffuse background signal from the gastrointestinal tract is likely due to nonspecific fluorescence from the diet ingested by the animals.

CypH-1 clearly detects physiologically relevant acidic conditions likely created by a combination of extracellular and intracellular changes occurring within tumors. The peripheral signal in the histological section showed a limited penetration of CypH-1 (Fig [5](#F5){ref-type="fig"}A). The intracellular NIR fluorescence was only seen on the surface layers of the tumor, suggesting a significant difference in the permeability between the tumor and normal tissues (Fig [5](#F5){ref-type="fig"}B). Tissues in the acidic area, which is usually high in proteolysis activity, may be more permeable than in the neutral area [@B9], [@B10]. The fast dynamics of tumor cell metabolism, could also advance the uptake of CypH-1, resulting in a high tumor to background contrast. CypH-1 is non-fluorescent in normal tissues but robustly fluoresces when localized within neoplastic lesions.

The high tumor to background contrast (Fig [3](#F3){ref-type="fig"}) and quick development of fluorogenic signal (Fig [4](#F4){ref-type="fig"}B) suggest that this type of pH dyes has great potential in guiding biopsy or surgical procedures in real time. CypH-1 is a single component agent, which is small and simple. The protonation of the molecule is a nearly instantaneous reaction, so the fluorescence development is rapid. This feature permits the use of CypH-1 as a simple solution that is sprayed directly onto the tissues within the operative field without the need for a long waiting period as required for most intravenously administered imaging agents. Moreover, as the acidic environment is a universal hallmark of cancer [@B1], the optimized dye could potentially be applied to detect various types of tumors. Conjugating of specific tumor targeting ligands, such as antibodies, peptides or aptamers, for each type of tumor might not be needed. The simplicity of its chemical structure would make the scale up preparation economical and make the clinical transition more feasible. Another significant advantage of a cancer spray is the required dose. If a dye could be sprayed onto only a specific area prior to or during a procedure, the total administered dose will be significantly lower than what is required for an intravenous route, and thus reducing the potential for toxicity. These features are well suited for rapid clinical translation in the form of an intraoperative system to augment the detection of tiny metastatic implants important for optimal cytoreductive surgery in ovarian cancer malignancies [@B38], [@B39].

Although CypH-1 showed good contrast in this study, its pKa is lower than the reported tumor pH~e~, pH 6.4-7.1.[@B4], [@B6]-[@B8]. Therefore, a fluorogenic dye with a higher pKa maybe better suited in imaging the extracellular tumor pH. Additionally, the dye should not penetrate the cell membrane, as the internalized dye will interact with the intracellular acidic compartments. Prior reports have suggested that different tumor types may demonstrate varying degrees of pH changes in their microenvironments [@B40], [@B41]; it is possible that additional chemical modifications could lead to more pH responsive probes for specific niche applications.

Recently, many new fluorescence imaging systems, such as endoscopes [@B42], [@B43], wide-field video cameras [@B32], [@B44], and goggles [@B45], [@B46], have been developed for clinical applications. These imaging systems certainly could further accelerate the clinical translation of this novel molecular imaging probe that targets the acidic microenvironment.

Conclusion
==========

Our data indicated that a permeable pH-sensitive imaging agent may augment the detection of ovarian tumors. The probe was picked up rapidly by the top few layers of cancer cells, probably due to the acidic microenvironment associated leakiness and high metabolic rate of cancerous tissues. Since an acidic microenvironment is a common feature of most solid tumors, and the pH reaction is a near instantaneous reaction, our approach could have a significant impact on clinical applications. The pH-triggered activation permits high signal to background ratios of lesions as small as 1 mm without the need for a clearance procedure to remove any excess compound. This type of fluorogenic dyes may be intraperitoneally or topically applied to an area of suspected neoplastic involvement prior to or even during surgery, without the need for intravenous administration, reducing the potential for systemic toxicity.
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![(A). The schematic diagram of the fluorescence activation of CypH-1. Arrows indicate the delocalization of electrons. (B) pH sensitivity of CypH-1 and its intracellular distribution. pH response of CypH-1 was measured with Ex = 740 nm and Em = 785 nm. The pKa is 5.3. (C) Bright field and NIR fluorescence images of CypH-1 in the pH range 5-8.](thnov05p1166g001){#F1}

![Intracellular distribution of CypH-1. SKOV3 cells were incubated with CypH-1 (1µM) for 20 min, washed and then incubated with each organelle tracker (0.5µM) for 1h. The images showed CypH-1 signal (red) co-registered with the signal of lyso-tracker and mito-tracker, but not ER tracker.](thnov05p1166g002){#F2}

![In vivo and ex vivo images of CypH-1 in ovarian cancer model. (A) Nude mice with GFP positive SKOV3 tumor were imaged 3 h after IP injection of CypH-1. Green fluorescence indicated the location of the GFP^+^ tumors, which were also found NIRF positive. (B). Ex-vivo images of individual organ, and (C) the quantification of the tumor to organ ratio (TOR). T: tumor; In: intestine, K: kidney, L: liver, M: muscle, Sp: spleen, and St: stomach.](thnov05p1166g003){#F3}

![(A) The macroscopic images showed different signal intensity in tumors. The CypH-1 signal highlighted the periphery of the tumor (GFP). The small tumor on the tip of spleen is less than 1 mm. (B) Quick responsive of CypH-1 with the excised tissue. The tumor on spleen was incubated with CypH-1 (1µM) and imaged at different time points.](thnov05p1166g004){#F4}

![Histological correlation of the fluorescent signal of tumor and normal tissues. (A) The pH signal was only seen on the edge of the tumor (top row), but not in normal spleen tissue (bottom row). T: tumor; Sp: spleen. 4X. (B): The fluorescence signal was in the cytoplasm of the top 5 to 7 layers of tumor cells (40X).](thnov05p1166g005){#F5}
